Abstract. Electrospray ionization mass spectrometry (ESI-MS) at flow rates below 10 nL/min has been only sporadically explored because of difficulty in reproducibly fabricating emitters that can operate at lower flow rates. Here we demonstrate narrow orifice chemically etched emitters for stable electrospray at flow rates as low as 400 pL/min. Depending on the analyte concentration, we observe two types of MS signal response as a function of flow rate. At low concentrations, an optimum flow rate is observed slightly above 1 nL/min, whereas the signal decreases monotonically with decreasing flow rates at higher concentrations. For example, consumption of 500 zmol of sample yielded signalto-noise ratios~10 for some peptides. In spite of lower MS signal, the ion utilization efficiency increases exponentially with decreasing flow rate in all cases. Significant variations in ionization efficiency were observed within this flow rate range for an equimolar mixture of peptide, indicating that ionization efficiency is an analyte-dependent characteristic for the present experimental conditions. Mass-limited samples benefit strongly from the use of low flow rates and avoiding unnecessary sample dilution. These findings have important implications for the analysis of trace biological samples.
Introduction

E
arly mass spectrometric measurements using electrospray ionization (ESI) established that for a wide range of liquid flow rates, the signal depends primarily on analyte concentration and is largely independent of flow rate. In this concentration-sensitive response regime [1] , the electrospray efficiency is greatest at the lowest achievable flow rate, where the smallest amount of analyte is consumed [2] . Poor ionization/desolvation efficiency at higher flow rates, together with the limited ion sampling capacity of the MS inlet capillary/orifice, are mainly responsible for a plateau in signal intensity despite increasing amounts of analyte delivered. A steep signal decline has been also noted at liquid flow rates close to the mL/min range [3, 4] , which could be alleviated to some extent by pneumatic nebulization [5] .
Low-flow electrosprays were recognized [6] [7] [8] [9] for their ability to generate gas-phase ions with high efficiency because of smaller primary droplets generated at the electrospray source. At sufficiently low liquid flow rates, depending on sample composition, the ESI-MS response becomes mass/ flow-sensitive in that the signal decreases with decreasing flow rate. Several studies show that MS signal decreases monotonically with decreasing flow rate [10] [11] [12] [13] [14] [15] [16] [17] , whereas others show an optimum flow rate at which MS signal reaches maximum before a steep decline at lower flow rates [18] [19] [20] [21] [22] [23] [24] . However, even with lower corresponding signal, smaller flow rates always display higher ion utilization efficiencies (the proportion of analyte molecules in solution converted to gas-phase ions) [14] [15] [16] [17] [18] . Minimal charge competition [24] and ionization suppression [14] effects have also been demonstrated at low flow rates.
Low-flow electrosprays can be operated in two basic scenarios, self-fed or pump-driven. The term nanoelectrospray was originally applied to self-fed electrosprays [25] , but it is now commonly applied to all electrosprays in the flow range between a few to a few hundred nL per min. In self-fed mode, the sample-containing liquid is loaded inside the emitter capillary and the high voltage is applied via a wire in direct contact with the liquid or a conductive emitter coating. In these conditions, the liquid flow rate is determined by the balance among the capillary forces, surface tension, and electrical shear stress. This self-fed electrospray configuration allows extended analysis time even for minute amounts of liquid Correspondence to: Ryan T. Kelly; e-mail: ryan.kelly@pnnl.gov samples [25] [26] [27] [28] and has become part of standard modus operandi following gel electrophoresis separation of proteins [29] . Despite evident benefits, self-fed electrosprays have major drawbacks that include poor reproducibility and signal stability, as well as incompatibility with online separation techniques. MS signal variation due to electrophoretic effects is also observed as the sample is consumed [9] . In addition, the flow rate depends on both the emitter geometry and the applied voltage, making it difficult to ascertain. The flow rate dependence on geometry can be avoided by using a pump to deliver liquid to the emitter while introducing high voltage contact at a metal union or elsewhere in the flow path. Online coupling with liquid chromatographic (LC) [30] [31] [32] and electrophoretic [17, 26] separations at flow rates below 20 nL/min have been demonstrated.
With both self-fed and pump-driven nanoESI, the standard mode of emitter fabrication has been to heat and pull glass or fused silica capillaries to a fine point with an opening as small as 1 μm. The process offers limited reproducibility, and the internal taper of the capillaries and narrow orifices can lead to rapid fouling or clogging of the emitters. Faultless and reproducible emitter geometry becomes increasingly stringent to operate at lower flows, which has left the exploration of flow rates below~10-20 nL/min extremely limited [18, 28] . We have developed a chemical etching process for fused silica capillary emitters that improves reproducibility and avoids the clog-prone internal taper [33] . Because the capillary walls are very thin at the orifice, a larger opening can support lower flow rates. For example, 20 μm i.d. etched emitters can support flow rates as low as 20 nL/min [34] , which is not feasible using heated and pulled emitters. Narrower bore etched emitters should support even lower flow rates, but have not previously been used to explore the subnanoflow regime.
A systematic investigation of ESI below the flow rates commonly employed for nanoelectrospray is of both fundamental and practical interest. It has been hypothesized that at sufficiently low flow rate, ionization efficiency will approach 100 % for all analytes in solution, thus providing maximum possible sensitivity as well as uniform response, in which all analytes of a given concentration exhibit the same signal intensity [14, 24, 35, 36] . In addition, there is interest in ultralow flow electrosprays for their potential to improve proteomic and metabolomic analysis of trace biological samples, including single cells. MS has been used to profile proteins, peptides, and metabolites from single cells [37] [38] [39] [40] [41] [42] [43] , but challenges in efficient sample preparation and detection sensitivity have limited most studies to large or specialized cell types. The small volume of a typical mammalian cell (a few pL) implies that even at low nanoESI flow rates, the analysis time will either be extremely brief or the extent of dilution will be very large. Sample dilution enables extended acquisition times and the signal can be averaged to improve its signal-tonoise ratio (S/N); however, the extent of dilution enabling the best overall data generation is not obvious. Exploration of the sub-nanoESI flow regime will thus inform the experimental design to address both the potentially enhanced sensitivity and improved volume compatibility with trace samples.
Here we utilize 2-μm-i.d. chemically etched emitters for reproducible electrospray operation in the largely unexplored ultra-low flow rate range extending to 400 pL/min. We demonstrate that sample dilution should be minimized in many cases for improved analytical performance. Surprisingly, uniform response was not achieved with the set of analytes (a mixture of peptides) considered in this study even at the lowest nanoESI flow rates. This set of experiments should inform not only on the optimum flow rate but also on trace sample preparation, delivery, and analysis.
Experimental
Reagents
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified. Water was purified using a Barnstead Nanopure Infinity system (Dubuque, IA, USA). A stock solution containing a 10 μM mixture of nine peptides (angiotensin I, angiotensin II, bradykinin, fibrinopeptide A, kemptide, mellitin, neurotensin, angiotensinogen, and Substance P) was prepared from the corresponding 1 mg/mL stock solutions. Solutions of 1,000, 300, 100, 30, 10, 3, and 1 nM were freshly prepared by successive dilution before each experiment in a 1:9 acetonitrile:water mixture with 0.1 % formic acid.
Infusion
Depending on the desired flow rate range (see experimental conditions in Table 1 ), the solutions were loaded into 10, 25, or 100 μL syringes (Hamilton, Reno, NV, USA) and infused by a computer-controlled syringe pump (PHD 2000; Harvard Apparatus, Holliston, MA, USA) through a fused silica capillary (30 μm i.d., 360 μm o.d.; Polymicro Technologies, Phoenix, AZ, USA) transfer line. In all cases, the syringe/pump combination was operated at a flow rate at least 10 times higher than the minimum recommended by the manufacturer. To establish the desired ultralow flow rates, we used metal unions and ferrules for all connections, minimized the length of the transfer line to 15 cm, and carefully eliminated air bubbles from the syringe. Before each set of measurements, the electrospray was run overnight with the flow rate set at 1 nL/min. To establish optimum experimental conditions, the flow rate was changed in 30-min steps of 100 pL/min down to 300 pL/min, then back to 1 nL/min. The response of the MS signal and the lack of hysteresis in these exploratory experiments suggested that the flow rates set on the syringe pump were fully established in less than 5 min. The bulk of measurements were conducted in the range of 1 nL/min down to 100 pL/min in 20-min steps of 100 pL/min after overnight stabilization of the 1 nL/min flow rate. The timing was relaxed to 15 min at each flow rate with steps of 0.5, 1, and 10 nL/min at low, intermediate, and large flow rates, respectively (see Table 1 ).
Mass Spectrometry
Mass spectra were acquired on an orthogonal time-of-flight MS instrument (G1969A LC/MSD TOF; Agilent Technologies, Santa Clara, CA, USA) modified with a dual ion funnel interface [44] and multi-inlet capillary interface heated to 120°C. Electrospray emitters with internal diameters of 2, 5, and 10 μm were fabricated by chemically etching sections of 150-μm-o.d. fused silica capillary tubing (Polymicro Technologies) as described previously [33] . The electrospray voltage was applied at the stainless steel union connecting the emitter to the transfer line.
Data Analysis
MS intensity data spanning approximately 2.5m/z units (100 data points) preceding the analyte peaks of interest were used to calculate average background levels, N, and standard deviations, σ N . Signal-to-noise ratios were then calculated as
where I stands for the intensity of the analyte peak.
Results and Discussion
Operating an electrospray ion source at flow rates below those normally achieved by nanoESI was expected to lead to further gains in sensitivity; such gains in combination with new sample handling techniques will be crucial for extending ESI-MS to smaller biological samples than can be analyzed at present. Heated and pulled capillary emitters lack the process control to reproducibly operate below 10 nL/min, and self-fed electrosprays exhibit an interdependence between flow rate and applied voltage, making flow rate determination difficult. In contrast, the highly reproducible chemical etching process combined with pump-driven flow employed in this work enable the sub-nanoflow regime to be systematically characterized for the first time. Figure 1 shows a photograph of a chemically etched emitter with a 2 μm i.d. used to achieve the lowest flow rates in this study.
Several precautions were taken to ensure that the flow rate delivered to the electrospray emitter was accurate. These included always operating the syringe/pump combination at flow rates at least a factor of 10 higher than the manufacturer's minimum recommendations, stabilizing the flow overnight at 1 nL/min, and testing for hysteresis in the MS signal while increasing and decreasing flow rates in the range of 0.3-1 nL/min. The responsiveness of the MS signal to changes in pump settings, the high degree of reproducibility, and the lack of hysteresis served to validate the approach.
Signal stability was measured at different flow rates to determine the lowest practical flows achievable with the 2-μm-i.d. emitters. When the flow rate decreased from 300 nL/min, the signal stability decreased monotonically but maintained an acceptable level until 300 pL/min, where the signal relative standard deviation (RSD) increased dramatically to 40 %. As such, 400 pL/min was considered to be the lowest flow rate achievable for these emitters. The corresponding signal intensity decreased only by a factor of~25 despite a reduction of three orders of magnitude in the amount of analyte delivered to the emitter. The higher ion utilization efficiency associated with low flow electrosprays is discussed below.
Depending on the application, ESI-MS analyses can be either concentration-or mass-limited. To investigate concentration-limited performance of the ultralow flow regime and compare it with more conventional analyses, an equimolar mixture of peptides was measured across a broad range of flow rates (0.3-400 nL/min) and concentrations (1-1,000 nM). Figure 3a shows the 2-min-averaged signal intensity for m/z = 530.79 (bradykinin 2 + peak) measured for the 10 nM peptide mix. Emitters with 2-10 μm i.d. were selected for the different, overlapping flow ranges (see Table 1 ). The results show intensity optima for each emitter in the corresponding flow rate range (e.g.,~1,~20, and~200 nL/min for the 2, 5, and 10 μm emitters, respectively), which may be related to efficient and reproducible charged droplet formation. Gradual loss of electrospray stability and less efficient liquid dispersion can contribute to the drop in signal at flow rates lower and higher than optimum, respectively. The data points corresponding to suboptimal performance were eliminated from the subsequent plots for clarity. Figure 3b includes similar results for the 1, 10, 100, and 1,000 nM peptide mix solutions. The signal was found to decrease monotonically with the flow rate for the highest concentration mixtures while a maximum in signal intensity is observed at~1 nL/min for lower concentrations. Both trends have been observed previously [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , but the dependence on concentration had not been identified. The optimum seems to be related to striking the right balance between the flow rate ensuring the most favorable ionization/desolvation conditions (lower flow rates) and providing sufficient analyte for analysis (larger flow rates). This optimum may change somewhat when using liquids exhibiting different physical properties (volatility, surface tension, viscosity, etc.). Importantly, for the lowest concentration studied (1 nM), the only detectable signal was observed around 1 nL/min, whereas higher S/N are obtained at increased flow rates at larger concentrations (Figure 3c ). The relative ion utilization efficiency (also included in Figure 3c for 10 nM bradykinin) was calculated by normalizing the S/N with the flow rate and shows an exponential growth with decreasing flow rate. The results in Figure 3 imply that for analyses that are concentration-limited but not limited in terms of available mass, typical "nanospray" flow rates are often sufficient and the greater efforts to operate at ultralow flow rates may not be justified.
In the case of mass-limited studies, the use of ultralow flow rates are expected to become increasingly important. Mass-limited analyses are common for biological systems and can arise from the scarcity of material (e.g., circulating tumor cells or cancer stem cells) or the heterogeneity of the system that would be unresolved if a larger sample were required (providing motivation for, e.g., laser-capture mi- crodissection and single cell analyses). Besides optimizing the flow rate, a mass-limited sample could potentially be delivered to the emitter as a low volume, concentrated plug (e.g., from an on-line CZE separation), or as a more dilute, larger volume allowing for proportionately more signal averaging. To determine the conditions providing the highest signal-to-noise with a given mass, we adjusted the number of averaged spectra at different flow rates and concentrations to maintain constant the amount of sample consumed. Figure 4a compares the m/z = 521-527 region of the MS spectra corresponding to consumption of 5 amol angiotensin II as a function of analyte concentration. For example, three spectra were averaged for the 100 nM sample delivered at 1 nL/min, resulting in a S/N of 14. Similarly, 30 and 300 spectra were averaged for the 10 and 1 nM "diluted" samples, resulting in S/ N ratios of 11 and 5, respectively. The trend of decreasing S/N ratio with decreasing concentration arises in part because much of the background is chemical in nature, arising for example from the solvent, which does not decrease substantially with additional averaging, and suggesting that sample dilution should be avoided for such modestly dilute samples. Figure 4b compiles the S/N ratios for the analysis of 5 amol total amount of angiotensin II at several flow rates and concentrations. Each data point is the average of three S/N ratios calculated as described above. The S/N generally improves with increasing concentration and shows an optimum at flow rates between 1 and 1.5 nL/min. These results suggest that operating at~1 nL/min while avoiding unnecessary sample dilution is optimum for this case. Pushing to even smaller amounts of consumed analyte, a mass spectrum corresponding to just~500zmol of each peptide (an average of seven spectra measured for the 3 nM peptide mix solution delivered at 1.5 nL/ min) is presented in Figure 4c . Most peptides in the mix were detected with signal between the detection level (S/N = 3) and the quantitation level (S/N = 10), whereas Substance P, mellitin, and angiotensinogen were not detected. It is important to note that this comparative study to determine optimum conditions used an older instrument and was not designed to provide the Figure 5 . Mass spectra measured at 400 pL/min (top) and 300 nL/min (bottom) suggesting no trend toward uniform response with decreasing flow rate greatest absolute sensitivity. Still, the subattomole detection limits shown here are among the lowest reported to date.
Besides improved ion utilization efficiency, nanoelectrospray has been shown to improve quantitation by reducing ion suppression and matrix effects. Indeed, several studies [14, 24, 35, 36] identified a trend toward uniform response with decreasing liquid flow rates in which all analytes are ionized with nearly 100 % efficiency, and equal concentration analytes might be expected to display similar signal intensities. It was hypothesized that insufficiently low flow rates in the studies were responsible for deviation from uniform response. Thus, we might expect to observe a change in relative intensities trending toward uniform response with decreasing flow rate, but found instead that they were strikingly similar across nearly three orders of magnitude change in flow rate. Figure 5 compares spectra measured at 400 pL/min (top) and 300 nL/min (bottom) with the major peaks for each of the nine peptides indicated by mass labels. In both cases, the most intense peak was that corresponding to fibrinopeptide (m/z = 768.85), whereas the least intense peak was that corresponding to mellitin (m/z = 712.20). It should be noted that all the analytes considered in the current study were peptides, whereas the previous studies [14, 24, 35, 36] demonstrating uniform response at decreased flow rates included analytes from different classes of compounds. For example, mixtures of peptides and saccharides have been employed to emphasize the advantage of working at low flow rates [14, 36] . At large flow rates, the saccharide molecules ionize poorly because of their hydrophilicity that favors distribution inside the charged droplets rather than at the surface [45] , displaying less intense analyte peaks than the peptide. For electrosprays operated at decreasing flow rates, the saccharide ionization efficiency can improve more significantly than that of peptides, to the point where uniform response was evident. However, the present results suggest that the ionization efficiency is analyte-dependent and a trend toward uniform response with decreasing flow rate is not universal.
Conclusions
We explored electrospray ionization in the sub-nanoflow regime extending to 400 pL/min. In comparison with flow rates as high as 400 nL/min, there was no indication of analyte suppression effects or charge competition evident between the selected peptide analytes included in this study. The ionization efficiency of peptides appeared analyte-dependent; uniform response (i.e., same signal at identical concentration) was not achieved even at the lowest flow rates. The etched fused-silica emitters could generally handle flow rates much smaller than those suggested in the literature for similar dimension emitters. By working under optimized conditions, S/N~10 could be obtained for some analytes with~500 zmol consumed. Although the flow rates explored here are below those currently employed for chemical separations (e.g., capillary LC), the benefits of lower flow rates can be extended to higher rate separations by using electrospray emitter arrays [46] or for CZE separations in very narrow bore columns with sheathless interface designs.
